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ABSTRACT

a’-SIAION ceramics have the potential to replace modern transparent ceramic ballistic
windows such as AION, spinel, and sapphire due to their superior hardness and lower density.
However, very limited research has been done to understand the processing-microscructure-
property relationships that govern the optical properties of a’-SIAION ceramics. In order to
understand these relationships, this thesis explores the factors that control the formation of AIN-

polytypoids and the dominant sources of visible light transmission loss in o’-SiIAION ceramics.

A preliminary study was performed to produce transparent o’-SIAION with equivalent or
superior forward light transmission of o’-SIAIONS reported in the published literature. The
resulting samples were analyzed using backscatter electron microscopy and energy dispersive
spectroscopy. Residual AIN-polytypoid and amorphous glass were observed as secondary

phases.

Due to the lack of knowledge about the refractive indices for AIN-polytypoids, the effects
of the AIN-polytypoids on visible light transmission in a’-SiAION were explored by attempting
to remove the phase from the microstructure. Based on a review of the literature, it is proposed
that AIN-polytypoid formation occurs via heterogeneous nucleation on large AIN-particles.
Various compositions were made to reduce the AIN-polytypoid concentration based on the o’-
SIAION formation reaction sequence and the heterogeneous nucleation hypothesis. Utilizing
backscatter electron microscopy, the amount of AIN-polytypoids was determined for each
composition. The results show that large AIN particles nucleate AIN-polytypoid phases. When
utilizing excess liquid phase, the AIN-polytypoid concentration is dependent on the relative
composition of the liquid phase. When the samples are AIN deficient, there is a significant
decrease in the AIN-polytypoid concentration due to the increased driving force for AIN particle

dissolution and the presence of fewer AIN particles.

The optical properties of the compositionally shifted a’-SiAION ceramics were compared
utilizing a backlit background and viewing the textual contrast with the sample 10 cm above the

background. UV-visbile spectroscopy was utilized to quantify the optical properties on the



ceramics. A correlation was not found between the visible light transmission of the various
compositions and the AIN-polytypoid concentration. Stronger absorptions and other potential
scattering sources were observed in samples with excessive residual amorphous glass phase. A
trend was found between the residual amorphous glass phase concentration and the light
transmission, but only at high (>2-3 vol%) concentrations. It was concluded that neither the
amorphous glassy grain boundary phase nor AIN-polytypoids were acting as the dominant light
scattering source in this study’s a’-SIAION ceramics. Absorption by free Si is believed to
account for some of the transmission losses based on the absorbance peaks around 300 nm to 320

nm in all samples.

The effects of birefringent scattering on the light transmission were explored by
analyzing the grain size of the various a’-SIAION ceramics. A general trend among all samples
could not be found due to either the small differences in grain size or the presence of other
scattering/absorption sites. The aluminum nitride deficient samples showed the largest changes
in grain size and improvement in the transmission. Based on these samples, an attempt was
made to reduce the grain size further by seeding the microstructure of o’-SIAION with excess a-
SiaNg4 from the commercial powder. The minimum a-SizN4 nuclei size in the samples was
determined to be ~400 nm. The addition of 17.13 wt% excess a-SisN4 powder with respect to
the sample weight was predicted to reduce the grain size to 0.7 um. The resulting seeded sample
had a grain size of 0.77 pm. It was concluded that the larger particles in the initial a-SisNa4
powder limited the reduction of the average grain size. Additionally, x-ray diffraction found that
J’” phase formed as an intermediate phase during sintering which may have further reduced the
potential number of excess a-SisNs nuclei. Qualitatively, the excess SisN4 sample shows better
textual contrast than the AIN deficient samples when looking at backlit text, but the UV-visible
spectroscopy analysis shows less total transmission in the seeded sample with respect to the AIN
deficient samples, which was attributed to greater absorption processes from free Si. The
improvement in the total transmission in the aluminum nitride deficient and seeded samples with
respect to the other samples was attributed to a reduction in the grain size. It was concluded that
birefringence and absoprtion processes by free Si were the dominant sources of visible light

transmission loss in the samples.
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Chapter 1

Introduction

1.1 Motivation

Silicon aluminum oxynitride (SIAION) ceramics are industrially important materials
because they can be processed at lower temperatures and have better creep and oxidation
resistance than Si3N4m ’-SiAION and o’/B” SiAION composite ceramics are used for molten
metal handling and chemical processing, cutting tools, bearings, and wear parts due to the
excellent mechanical and chemical properties. Recent research suggests that SIAION ceramics

may be also used for optical applications such as transparent ballistic Windows|j

Ballistic windows require high hardness to shatter high velocity projectiles and low
denisty to reduce vehicle weight. o’-SiAION is a candidate for replacing modern ceramic
transparent armors like AION and spinel due to its higher hardness (>19 to 22 GPa) and lower
theoretical density (3.3 to 3.7 g/cm? depending on the stabilizing cation) Karunaratne et. al.
first reported transmission in the optical spectrum in o’-SIAION[*| Figure 1.1 shows the optical
transmission of their Yb-a’-SiAION. Karunaratne et. al. produced translucent Yb-a’-SiAION by
pressureless sintered under a high purity nitrogen atmosphere. In contrast to a sample hot
pressed under a vacuum in a graphite die, the sample was translucent, while the hot pressed
sample resembled typical grey-black SIAION ceramics. They said that the difference in optical

properties was due to a change in valence of Yb** to Yb?*. Though no direct evidence of their



hypothesis was shown, their work demonstrates that careful control of processing conditions is

required to obtain optically translucent o’-SIAION ceramics.

+———0a' Sialon Ceramic

- .

Figure 1.1 — Karunaratne et. al.’s 100 pm thick Yb-a’-SiAION sample. The sample was
placed directly on top of a mm scale with backlighting and the writing can be seen behind

it

et. al. investigated the transmission and absorption characteristics of o’-SIAION ceramics

Figure 1.2 illustrates the most transparent o’-SIAION ceramics produced to datelj Chen

stabilized with various rare earths[’{*°| The 0.3 mm thick ceramics shown in Figure 1.2 appear to

have a high transmission in the visible spectrum, with the maximum forward transmission of the

samples ranging from about 40% to 65% at 700 nm}”| Chen et. al. also produced 1.06 mm thick

O

Gd-a’-SiAION with a similar forward transmission of ~<50% at 700 nm[°{*°| Chen et. al. claim

that careful processing, the removal of amorphous phase, and reduction of carbon contamination

are the primary reasons for the increased transmission|*{*°| However, they show no direct

evidence of their hypotheses and do not consider other possible relationships between processing
and transmission loss such as any effects of SisN4 decomposition on o’-SiAION formation, free

silicon formation, and impurity silicide formation. Most studies reporting translucent o’-SiAION



provide possible explanations for transmission loss, but there are few in depth analyzes to
explain the sources of transmission loss. Thus, a’-SIAION ceramics are promising candidates

for armor ceramics, but further work is needed to identify the source of optical transmission loss

in the visible spectrum.

(b)

Y-o’-SiAION Gd-o’-SIAION
' riais

ust|

S
S e}
2
E s { ; o
E I /M —Y(m=1)
' — Er
[ Nd
20}k —Y(m:2) 4
Dy

ol 0
0O 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750

Wave length (nm)

Figure 1.2 —(a) and (b) The pictures illustrate the best reported transparent samples RE-
a’-SIAION samples reported in the literature. (a) All sample thicknesses are approximately
0.3 mm. The specific stabilizing cation for each sample is labeled in the Figure. (b) High
forward transmission in thicker Y-a’-SiAION and Gd-a’-SiAION samples. (c) Optical
transmission spectrum of each sample in (a)ﬂ



In transparent materials, there are three sources of transmission loss: surface reflection,
absorption and scattering. Surface reflection is a fundamental loss due to the change in refractive
index between air and the material. Liu et. al. estimated the theoretical transmission of o’-
SIAION to be 76.5%|"_T| Characteristic absorptions in o’-SIAION are dependent on the rare earth
(RE) cation utilized for stabilization. The optical spectra in Figure 1.2(b) show distinct
absorption peaks for Nd-a’-SIAION in the optical spectrum. Shen et. al. also demonstrated that
Er, Nd, Yb, and Sm o’-SiAION samples have characteristic absorptions in the visible wavelength
range|™?| Y** has been shown to stabilize a’-SiAION while avoiding characteristic absorptions in
the visible spectrumEI Therefore, absorption in Y-a’-SIAION ceramics could be due to

impurities, electronic defects, secondary phases, or a diffuse band edge within the material.

Considering the factors above, light scattering defects in a’-SiAION ceramics may be
responsible for the lower than theoretical optical transmission. Figure 1.3 illustrates the the
optical transmission in a representative Y-a’-SiAION sample made during a preliminary study.
As the sample is raised above a backlit background, text clarity diminishes, indicating light
scattering. Figure 1.3(c) shows that the forward transmission of the sample is ~63.2% at 700 nm,

which is equivalent or superior to the reports in the literature.
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Figure 1.3 -0.67 mm thick Y-a’-SiAION placed directly on top of the background (a) and 5
cm above the background (b). (c) Forward transmission data of the sample in (a). The
sample was made via hot pressing as described in chapter 3. Sample provided courtesy of
Giulio Parcianello.

The three primary scattering sources in transparent ceramics are porosity, birefringence,

and secondary phases, as illustrated in Figure 1.4. Transparent ceramic research shows that

porosity is the most significant scattering source|">>| However, multiple reports show SEM and

/ or TEM micrographs of a’-SIAION with very little or no residual porosity after sintering,

suggesting that residual porosity may not be the primary issue for producing transparent o’-

SiAION[**e-<
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Figure 1.4 — Schematic of potential light scattering sources in a nominally transparent
polycrystalline material. (1) Grain Boundaries, (2) Porosity, (3) Secondary Phases, (4)
Birefringence, (5) Secondary Phase Inclusions, and (6) Diffuse Surface Scattering

A review of the “transparent” a’-SiAION literature shows most a’-SiIAION ceramics

contain secondary phases such as amorphous grain boundary phases, nitrogen melilite (R2Sis-

XAlxOz+xNax, M), garnet (R3Als012), AIN-polytypoid, and B-SiAION[®|**|*®| Secondary phases

can scatter light due to a refractive index difference with a’-SiAION. Based on the similar
crystal structure and composition between a-SisNs and o’-SiAION and the refractive index

estimation of 2.08 by Xu and Chang, | believe the refractive index of o’-SiAION is similar to

amorphous-SisN4 (=2 in the visible spectrum)}{“““*| Amorphous RE-SiAION glasses have a

refractive index that varies from ~1.74 to ~1.85 depending on the RE cation and nitrogen
concentration The refractive index is not known for most crystalline secondary phases.
However, the refractive index difference between a’-SIAION and each secondary phase is not
likely to be the same due to their varying compositions and crystal structures. Thus, these

secondary phases may contribute to significant transmission loss.



a’-SIAION is optically birefringent due to its trigonal (P31c) crystal structure. Apetz and
Bruggen demonstrated that the real inline transmission of a polycrystalline birefringent material

can be modeled based on equation 1.1|’_T|

—3m?An?rd

RIT = T exp( 2 ) (eq. 1.1)

where T is the theoretical transmission, An is the difference in refractive index, n is the average
refractive index, 2r is the grain size, A is wavelength of the radiation in a vacuum, and d is the
sample thicknesslj Using the above model, Lui et. al. estimated the refractive index and the
refractive index anisotropy of a’-SiAION were between 2.05-2.17 and 0.0045-0.0136,
respectively|~*| They concluded that the primary scattering source in translucent a’-SiAION is

birefringence

Based on a preliminary analysis of the published literature, it is proposed that secondary
phases and birefringence are the most likely causes of transmission loss in o’-SIAION ceramics.
Therefore, the effects of processing parameters on the formation of phase pure a’-SiAION
ceramics will be investigated using particle size analysis, sintering studies and microstructural

analysis. The areas addressed with regards to the role of processing on the microstructure are:

e The effect of the particle size distribution of AIN and SizNs on the formation of AIN-
polytypoids and a’-SiAION, respectively
e The effect of AIN polytypoid content, amorphous glass content, and o’-SiAION grain

size on the transmission of light through o’-SIAION



1.2 Organization of the Thesis

Chapter 2 reviews the literature covering the fabrication and processing of transparent
ceramics to establish the extrinsic features affecting transparency in polycrystalline ceramics.
Discussions on transparent ceramics, on processing SIAION ceramics and on the reaction

sequences during a’-SIAION processing are included.

Chapter 3 is divided into 3 sections covering AIN-polytypoid formation and removal, the
effects of the secondary phases on visible light transmission, and the effects of birefringent

scattering on the visible light transmission in Y-o’-SiAION:

The first section presents a study on the formation and removal of AIN polytypoids in Y-
a’-SIAION ceramics. A preliminary study established the conditions for obtaining a literature
equivalent translucent Y-o’-SiAION ceramic. AIN-polytypoids are determined to be the
secondary phase that forms in the translucent a’-SiIAION. A link between the AIN particle size
distribution and AIN polytypoid phase formation is proposed. Various powder compositions
were fabricated to explore the dissolution of the larger AIN particles during o’-SIAION
processing. The studies show that AIN polytypoid formation in a’-SiAION ceramics is not
limited by thermodynamics, but it is a kinetic phenomenon dictated by a heterogeneous

nucleation and growth mechanism.

The second section discusses the relationship between the secondary phases in the
various composition shifted a’-SIAION samples and the visible light transmission. Optical
property comparisons were made by examining the quality of backlit text through a sample
placed 10 cm above the backlit background and using UV-visible spectroscopy. A correlation

was not found between the AIN-polytypoid concentration and the light transmission. The



transmission was found to decrease with increasing glass content, but the AIN deficient samples
suggest that the glass may not act as a dominant light scattering source until its concentration is
greater than 2 to 3 volume %. Thus, neither the AIN-polytypoid nor the residual amorphous glass
phases act as the dominant scattering mechanism. Light absorbance spectra show absorbance
peaks which are attributed to Si absorption. Free Si absorption is identified as a potential

significant source of visible light transmission loss.

The third section discusses the effects of birefringence on visible light transmission
through a’-SIAION ceramics. Theory predicts improved optical transmission with decreasing
grain size. Based on the results of the AIN deficient samples, an attempt was made to
intentionally seed the microstructure with excess SisNa4 to reduce the a’-SiAION grain size. The
seeded sample had a grain size of 0.77 um and improved transmission relative to samples with
larger grain sizes except the aluminum nitride deficient samples, due to an increase in absorption.
It is concluded that birefringence and free Si absorption are dominant sources of light
transmission losses in the samples. Finally, the effects of nucleation frequency in o’-SiAION

ceramics and the factors that control the final grain size are discussed.

Chapter 4 suggests future studies from which a better understanding of a’-SiAION and

other SIAION ceramic processing may lead to improved optical property performance.
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Chapter 2

Literature Review

2.1 Transparent Ceramics

Light transmission through a material decreases as a result of surface reflection,
absorption and light scattering. Consider light interacting with an ideal transparent material.
Surface reflection of the light occurs due to a change in the density of electrons (i.e. refractive
index) and polarization of the electrons|*| Thus, surface reflection defines the theoretical limit for
light transmission through a transparent medium. Table 2.1 compares the theoretical
transmission limit of technologically important, optically transparent ceramics with a’-SiAION
Due to its higher refractive index, a’-SiAION has a lower theoretical transmission limit than the

common oxides.

12



: Refractive Index T'hegretlcal
Material Transmission at 400 nm | Common Usage
at 400 nm (%)
Y3Als012 (YAG 1.86 82.7 Laser Gain Media
MgAI204 (Spinel)* 1.74 85.9 Transparent Armor
Lighting Envelope
Al,0s (Sapphire)f] 1.778-1.786 84.6 / Missile and
Radar Domes
@Ii%?\IN]% 1.81 84.1 Transparent Armor
Crown Glass Windows and
(KAAT] ~1.52 9L7 Lenses
Lighting Envelope
/ UV photography
Fused Silic{’] ~1.47 92.9 lenses / High
Temperature
Tubes and Glass
Oxygen Barrier /
Passivation /
Dielectric Layer in
a-SisN[f] ~2.07 77.1 Semiconductor
Devices and
Antireflection
Coatings
Cutting tools /
o’-SIAION™ ~2.05-2.17 ~76.5 Nonferrous (';I"I‘r’]g‘j”
Bearings

Table 2.1 — Theoretical transmission of common transparent ceramics. The theoretical

N2
transmission was calculated using the formula T(%) = 100[1 — (:—j) ]2.

*Both the ordinary and extraordinary refractive indices are indicated based on a
birefringence of 0.008 for Al20:s.
**Refractive index of a’-SIAION is reported as an average instead of at specific

Wavelengths

Absorption processes also determine the fundamental limits of transmission in materials.
A material’s band gap is the most important factor when considering its optical properties.
Optical property information for o’-SIAION is limited, but Li et. al. reported experimental
optical gaps (equivalent to the band gap in many materials) of 5.44 eV and 5.25 eV for Ca-a’-
SIAION and Lu-a’-SIAION, respectively, using diffuse reflectance spectroscopy|®| These values

are consistent with the optical gap for a-SisN4 calculated by Xu and Chingﬂ The electronic band
13



structures of o’-SIAION and o-SizNa are likely to be similar as well because of the similarities in
the optical gaps and the crystal structures. Xu and Ching calculated the electronic band gap of a-
Si3N4 to be 4.63 eV, which is well above the ~3.1 eV band gap limit required for visible light

transmissionﬂ Thus, a single crystal a’-SIAION should be completely transparent when exposed

to visible light.

Cations (typically rare earths (RE), Ca, Li, or Mg) utilized for stabilization of o’-SiAION
can introduce characteristic absorptions, or color centers, in a’-SiAION’s electronic structure.
Figure 2.1 shows the absorption spectra of o’-SiAION samples fabricated by Shen et. al|"_T| When
utilizing Er, Nd, Sm, and Yb as stabilizing cations, there is at least one characteristic absorption
peak. Yb-o’-SiAION shows the strongest absorption at ~425 nm which is attributed to the 43 to
5d* transition of Yb?* ions. However, Dy, Y, and Tb have either very weak absorption peaks or
none at all. Additionally, all samples show an absorption edge of 280-340 nm. Thus,
characteristic absorptions in the visible spectrum could be avoided by utilizing the correct
stabilizing cation, but no one, to the author’s knowledge, has demonstrated clear o’-SiAION
except in extremely thin samples (=100um thickness). Plausible reasons for this may be due to

electronic defects such as electron/hole trapping in vacancies, Si/silicide formation, or impurity

ions/phases in the microstructure (such as iron/iron silicide)[****| Also, due to the limited

knowledge of the electronic structure of o’-SIAION, it is possible that the band gap is much

closer to 3.1 eV or that the band edge is very diffuse.

14
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Figure 2.1 - «’-SIAION UV-visible absorption spectra utilizing (a) Nd and Er, (b) Th and
Dy, (c) Yb and Sm, and (d) Y as stabilizing cations. The spectra of pure p-SiAION (z=3.5)
is shown in (d) for comparison. The () identify specific absorption peaks in the Er, Nd,
Sm, and Yb samples

Even if only stabilizing cations which do not show characteristic absorptions in o’-
SIAION are used, o’-SiAION ceramics in the literature show much less transmission than the
proposed theoretical transmission of 76.5%. Jones et. al reported the highest forward
transmission of ~70% 700 nm for a 0.5 mm thick Lu-a’-SiAIONEI A scattering source(s) is

likely responsible for the remaining additional transmission loss.

Scattering of light occurs wherever there is a significant change in the refractive index as
light travels through the material. Typical scattering defects seen in transparent media include

porosity, surface scattering, grain boundaries, secondary phases at grain boundaries, grain-to-

15
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grain birefringence and secondary phase inclusions Figure 2.2 shows a schematic of the

various scattering sourcesﬂ

Output power intensity (almost 0%)

Figure 2.2 — Schematic of potential light scattering sources in a nominally transparent
polycrystalline materials. The labels are (1) Grain Boundaries, (2) Porosity, (3) Secondary
Phases, (4) Birefringence, (5) Secondary Phase Inclusions, and (6) Diffuse Surface

Scattering

Pores exhibit the largest possible difference in refractive index from a host material.
Thus, removing pores is required to obtain a transparent material. Ikesue and Furusato
demonstrated that a polycrystalline Nd:YAG > 99.985% of p is needed to have equivalent
optical properties to that of single crystal Nd:YAGD This system is ideal for modeling
transparency in polycrystalline materials because it is optically isotropic and can be made with
few other scattering sources. Thus, all nominally transparent material must achieve at least this
density to remove porosity as a significant scattering source. Multiple reports of “transparent” or
translucent a’-SiAION show little or no porosity in their SEM or TEM images. Instead, most or
all potential pores are filled with an amorphous phase due to o’-SiAION’s processing, suggesting
that the materials were at or above the density limit proposed by Ikesue and Furusato. Thus,

porosity is not believed to be the primary issue limiting a’-SIAION transmission.

16



The formation of a liquid phase during sintering and the incomplete formation of o’-
SIAION almost always results in a residual amorphous glass phase which can scatter light. If the
amorphous phase’s refractive index is close to the refractive index of a’-SiAION, then it would
not scatter light significantly. Coon et. al. determined that both the Y and N concentration
significantly affect the refractive index in Y-Si-Al-O-N system glasses due to an increase in
density and polarizability, respectively. Their glasses had a minimum and maximum refractive
index of ~1.74 and =~1.85, respectively|*°| Redington et. al. and Drew et. al. measured the
refractive index of several RE-SiAION glasses which showed only a small difference in

refractive index (An<0.05) for equivalent compositions, except for Mg-SiAION glass which had

a refractive index between =1.58 and ~1.6[*°]?°| Thus, no matter which stabilizing cation is used,

there is at least a An = 0.2 between o’-SiAION and the amorphous phase based on the refractive

indices reported for a’-SiAION.

Besides the amorphous phase, reports show other crystalline phases such as nitrogen

melilite (M’, R2Siz-XAlxOz3+xN4-x), garnet (RsAlsO12), AIN-polytypoids, and B-SiAION coexist

with “transparent” o’-SiAION[**[****| As discussed in section 2.2.3 and chapter 3, these

secondary phases may form during various reactions in o’-SiAION formation. The refractive
indices of the secondary phases are unknown because of a lack of single crystals. However,
several conclusions can be made based on current knowledge. The secondary phases, with the
exception of B-SiAION, have very different overall compositions from o’-SiAION. As seen in
the SIAION glasses, the high polarizability of nitrogen can significantly affect the refractive
index. The crystals with the highest nitrogen content are SizNs, a’-SiAION, B’-SIiAION, AIN
and AIN-polytypoids. The other secondary phases will likely have a large difference in

refractive index from a’-SiAION because they contain much less nitrogen. Additionally, many

17



secondary phase crystals will scatter light because they are birefringent due to their non-cubic
nature. Finally, if the AIN-polytypoids are considered to have similar refractive indices as AIN

(2.20 and 2.25 at 400 nm), then these phases should also scatter light due to the difference with

the reported o’-SiAION refractive index{“]**| B’-SiAION may not have a significantly different

refractive index from o’-SIAION due to their close overall compositions and crystal structures,

but it often grows into long and large crystals which can scatter light due to birefringence.

Porosity, secondary phases, grain boundaries and surface roughness are all factors that
are controlled by processing. Absolute removal of the scattering sources may not be necessary in
order to achieve theoretical transmission. In fine grain materials (<20 pum), a potential scattering
source will scatter light if it is >10-50% (depending on the refractive index difference) the size of
the specific wavelength of Iightlﬂ Apetz and Bruggen calculated that at 0.1% porosity in Al2O3,
pores begin to scatter visible light at =5 nm. Grain boundaries usually do not participate in light
scattering because their thickness is much less than the wavelength of Iightlj Thick grain
boundaries may scatter and reflect light if there is a change in the refractive index compared to
the interior crystal. However, for a small An (<0.01) the reflectivity can be ignored except for
thick (>10000 grains for each light ray) materiaIsEI Secondary phases with large An (>0.005)

must be <200nm to not scatter Iight|j

Unlike the other scattering sources, birefringence is not controlled by processing, but
rather by the inherent crystal structure of the material. Cubic materials are optically isotropic;
thus light scattering does not occur from grain to grain due to birefringence. All non-cubic
materials are optically anisotropic, having two separate indices of refraction within the same
crystal. Apetz and Bruggen demonstrated that the geometric light scattering model developed
by Dalisa and Seymour does not apply to fine grain materials (the exact condition is GAn >

18



21 A,, where Am is the wave length in the medium, G is the average grain size and An is the

difference in refractive indices)|[*>|*’| Instead, they showed Raleigh-Gans-Debye scattering

dominates due to the birefringence of the materiallj This finding explained why a cubic
polycrystalline material such as Yttralox (90% Y203 — 10% ThO) could have a real in-line

transmission (RIT) of > 70%, but high density coarse grain (>10 um) Al,Oz shows much lower

RIT values|°|<°| Similar to other scattering sources, if the grain size is reduced to less than the

wavelength range of interest, then birefringent scattering does not occur|*| Krell et. al. and
Apetz and Bruggen demonstrated this possibility when they obtained a real inline transmission

(RIT) of > 60% in Al.O3 at 645 nm by decreasing the average grain size from 600 nm and 300

nm{=}*°| The RIT is dependent of grain size, An, and material thickness and it can be calculated

using the equation|7j|

—3n2An?rd

RIT = Tthexp(T) €q. 2.1

Using the above model, Liu et. al. calculated the refractive indices and birefringence of
a’-SIAION|7| However, the model was used considering only a single scattering source. Their
crystalline phase analysis was limited to x-ray diffraction (XRD) and revealed the presence of
M’ phase in some samples, but reported the others as pure o’-SIAION except for the residual
amorphous phase|“| TEM images were used to determine the amount of amorphous phase in each
samplel'j As secondary phases can exist below the detection limit, XRD cannot be used as the
sole evidence for crystalline phase purity. Backscatter electron imaging and energy dispersive
spectroscopy can be used to detect secondary phases due to the elemental contrast. Considering
all the potential scattering sources still present in the “transparent” a’-SiAION materials, the

results of their work may be skewed from the true values. The wide range of calculated o’-
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SIAION birefringence values (0.0045-0.0136) could be caused by the differing cations in the
samples or by the various amount of scattering sources|*| In their reported data, samples with the
same cation show larger birefringence and refractive index values as the intergranular phase

increased which suggests secondary phases are skewing their data

Considering the above factors, polycrystalline materials for window type applications

require:

e A density of > 99.985%

e Removal of color centers or avoid materials with permanent absorptions in the

wavelength region of interest

e Removal of any large secondary phases with large differences in index of

refraction from the host material

e A grain size of < 200 nm if the material is anisotropic and not textured.

Y-o’-SIAION ceramics are not expected to have an absorption in the optical wavelength range
due to the absence of d electrons in Y3*. Also, as described in the section 2.2.2 and 2.2.4,
controlling the grain aspect ratio and liquid phase content is easier in this system. For these

reasons, the Y- a’-SiAION system is the focus of this thesis.
2.2 a’-SIAION Background

2.2.1 SisN4 and SIAION Crystal Structures

Trigonal o (Space group P31c¢), hexagonal B (space group P63 or P63/m), and cubic y
(space group Fd-3m) are the three common crystalline SizN4 allotrope phases.

Thermodynamically, B-SizN4 is the room temperature stable phase, while o and y formation are
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dependent on processing. The most common methods used to produce industrial SizN4 powder
are carbothermal reduction nitridation of SiO, and ammonolysis of SiCls with NHalj In both

methods, metastable a-SisN4 generally forms before B-SisN4 due to the lower temperature (1300-

1500°C) and relatively close free energies|>'°| y-SisN4 forms at high pressures and temperature.

Though a-SisN4 and B-SisN4 production is well understood in industry, debates on the
crystal structures have continued in the scientific community. Researchers question whether p3-
SizNa4’s crystal structure contains a center of symmetry or not. Studies by Bando, Grun, and
Ching et. al. concluded that the correct symmetry is P63 using convergent beam electron

diffraction (CBED) analysis, free energy calculations, and ab initio methods (orthogonalized-

linear combination of atomic orbital), respectively[>*>’| However, studies by Hardie et. al.,

Bando, and Belkada et. al. concluded that the P63/m symmetry is correct by using x-ray powder

diffraction, CBED of thin -SizN4 crystals and ab initio methods (using Hallmann-Feynman

forces), respectively|*’~°| Recent literature favors the P6s/m symmetry as the correct symmetry

because there is no loss in precision in the structural parametersﬁl For this reason, the P6s/m is

used here.

Significant controversy exists on the composition and stabilization of a-SisN4. Grieveson

et. al. proposed that a-SisNa is not a pure nitride, but an oxynitride stabilized by oxygen and

vacancies with a composition between Si114003N15 and Si115005N1s{>*]*{**| However, multiple

researchers produced a-SisN4 with less oxygen than the proposed compositions|*>*>| Though

processing limitations prevent oxygen free a-SisN4 production, these results suggest that a-SizNa4
is not an oxynitride under ideal conditionslj Instead, it is proposed that Si** can change its
valence state to Si®* which occupies the interstitial sites to stabilize the structure when oxygen is
not present for valency compensationm The stabilization mechanism is similar to how the ao’-
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SIAION phase is stabilized as discussed below|*'| Thus, a-SisN4 is a pure nitride material

stabilized by defects and is capable of forming a wide range solid solution with oxygen.

Figures 2.3 and 2.4 show the ideal B-SizsN4 and a-SizN4 crystal structures, respectively.

B-SisNsa is a three dimensional network of slightly distorted SiN4 tetrahedra formed via corner

sharing with lattice parameters of a = 0.7608 nm and ¢ = 0.2911 nm{**]**|**| The B-SisNa4

structure forms layers of superimposed puckered Si-N rings with an ABAB stacking sequence

and long channels parallel to the [0001][**]*"] The Si** ions occupy the 6(h) sites and N ions

occupy the 2(c) and 6(h) sites. The a-SisNa4 crystal structure is similar to that of f-SizN4, but it

has an ABCDABCD stacking sequence where the CD layer is rotated 180 ° from the AB layer.

The rotated CD layers close the channels formed in 3-SisN4 and form two large interstitial sites.
The c-axis is approximately twice as long as that of B-SisN4 because of the CD layers. The

purest single crystal produced had lattice parameters of a = 0.7818 + 0.0003 nm and ¢ = 0.5591

+ 0.0004 nm[**|*®| The Si** atoms occupy two of the 6(c) positions and the N3 atoms occupy the

other two 6(c) positions as well as the 2(b) and 2(a) positions|j
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(a)

(b) B

A

Figure 2.3 — B-SisNa crystal structure. Dark blue atoms and light blue atoms represent Si#*
and N% respectively. (a) Crystal structure along the [0001] direction showing channels
formed by super imposed puckered Si-N rings. (b) Showing stacking sequence of ABAB.
The crystal structures were made using Crystal Maker.
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